information to the proliferating keratinocytes to direct aspects of cell behavior that are critical for morphothem down one of several specific differentiation pathgenesis and tissue architecture. In the skin, epidermal ways (Orwin, 1979). To meet the demand for sophistiadhesion is mediated in part by specialized cell-cell cated communication and signaling events orchestrated junctions known as desmosomes, which are characby cell-cell adhesion, the number of desmosomes more terized by the presence of desmosomal cadherins, than doubles during differentiation (Orwin, 1979), such known as desmogleins and desmocollins. We identithat in a mature HF, up to 90% of the cell surfaces of fied a cadherin family member, desmoglein 4, which the individual keratinocyte layers within the inner root is expressed in the suprabasal epidermis and hair follisheath (IRS) are occupied by desmosomes (Roth and cle. The essential role of desmoglein 4 in skin was Helwig, 1964). The line of Auber represents an informaestablished by identifying mutations in families with tion portal through which multipotent keratinocytes inherited hypotrichosis, as well as in the lanceolate must quickly pass, receiving instructions that determine hair mouse. We also show that DSG4 is an autoantigen their destiny as they enter, and executing highly intricate in pemphigus vulgaris. Characterization of the phenoprograms of differentiation upon their exit. type of naturally occurring mutant mice revealed disIntercellular junctions are critical for orchestrating the ruption of desmosomal adhesion and perturbations molecular events during HF induction and cycling, which in keratinocyte behavior. We provide evidence that require synchronization of the transition from proliferation to differentiation (Jamora and Fuchs, 2002). Desmo- Figure 1D ). genetic disease, an acquired autoimmune disease, and corresponding mouse models can be drawn.
work via plakin and armadillo family members (Fuchs et mouse models. Further, we show that DSG4 serves as an autoantigen in the sera of patients with PV. Characteral., 2001; Green and Gaudry, 2000). In mouse and human, three desmoglein (DSG1,2,3) and three desmocolization of the phenotype of mutant mouse epidermis revealed a hyperproliferative phenotype, including sulin (DSC1,2,3) genes have been described previously. DSG1, DSC1, DSG3, and DSC3 are predominantly exprabasal expression of ␤1 integrin and ectopically proliferating cells. In the lower HF, we discovered a premature pressed in stratifying squamous epithelia such as the epidermis, whereas DSG2 and DSC2 are present in simswitch from proliferation to differentiation, as well as perturbations in the onset of hair shaft differentiation ple epithelia and nonepithelial tissues as well. In the epidermis, DSG1 and DSC1 are expressed in the suprograms. Our findings establish a central role for desmoglein 4 in epidermal cell adhesion, and in coordinatprabasal layers of the epidermis, while DSG3 and DSC3 are present in the basal layer (Garrod et Figure 1D ). genetic disease, an acquired autoimmune disease, and corresponding mouse models can be drawn.
A key recombination event in individual IV-10 from pedigree LAH-1 ( Figure 1A ) placed the LAH locus teloIt is puzzling that despite the preponderance of desmosomes in the inner layers of the hair shaft, and their meric to D18S1149. Haplotype analysis using chromosome 18 markers ( Figures 1A and 1B ures 2I-2L). The main feature is the formation of a swelling above the melanogenic zone. The "bleb" is then contains the locus for an autosomal recessive mutation, lanceolate hair (lah), and also harbors the desmosomal pushed up with the progression of the hair growth, leaving the distal end of the hair shaft with a lance-head cadherin cluster (Montagutelli et al., 1996) . lah/lah pups develop only a few short, fragile hairs on the head and shape, hence the name lanceolate hair. Occasionally, two blebs can be observed within a single anagen follicle neck which disappear within a few months. The vibrissae are short and abnormal and the pups have thickened ( Figure 2M ). Degenerative changes in the hair shaft include the loss of the ladder-like pattern of pigment distriskin. Mutant lah/lah mice do not exhibit any growth retardation relative to their unaffected littermates (Figbution in the medulla, which is replaced by chaotically distributed amorphous pigment granules and air spaces ures 2E and 2F). A second allele of lanceolate hair, named lah J , later arose as a spontaneous mutation at ( Figure 2N ). In contrast to human LAH patients, the interfollicular epidermis in both mouse lanceolate alleles is the Jackson Laboratory ( Figures 2G and 2H Figures 5H and 5I) . The where DSG1 (Figure 5D ), DSG2, and DSG3 (Kurzen et (Figures 6E and 6F) . Expression of involucrin, loricrin, revealed complete detachment in some areas, and small, poorly formed desmosomes in others, into which K1, Dsc1,2,3; Dsg1,3; ␤ catenin; E-cad; P-cad; Pkp1; Dsp; and Pg were unchanged between WT and mutant filaments were only scantily inserted (Figures 5J and  5K) . Spaces between detached mutant keratinocytes animals (not shown). In mutant epidermis, the finding of patchy K5 staining, revealed areas in which desmosomes have been torn away from their cells (Figures 5L and 5M) . Ultrastructural the presence of K6 and the reduced expression of ␣6 integrin were all consistent with premature or accelerdefects in keratinization of the inner layers of the hair shaft were evident in mutant HFs, consisting of a disorated exit of keratinocytes from the basal compartment. Consistent with the hypothesis that the proliferative ganized array of air spaces and pigment granules in the medulla (Figure 5N -6L ), within the skin of mutant animals, we first assayed the while we found no difference in the expression pattern expression of several epidermal markers. K5 was ubiquiof total or activated MAP kinase (not shown). TUNEL tously and evenly expressed in the basal layer of WT staining was performed to assess the extent of apoptoskin, compared to a patchy pattern of expression with sis in mutant epidermis and HF, and no differences were fewer strongly positive basal cells in lah J /lah J mutants detected compared to control animals (not shown). (Figures 6A and 6B) . The hyperproliferation marker K6
Cell attachment kinetics of primary epidermal kerawas significantly overexpressed in the spinous layer of tinocytes were performed to further characterize the the epidermis and HF infundibulum of mutant animals skin of lah/lah mice. Attachment assays showed greater (Figures 6C and 6D) . The expression of ␣6 integrin, a hemidesmosomal marker, was markedly reduced in the than 2-fold enhanced attachment of lah/lah keratino- , whereas the WT keratinocytes reached only 60%-70% confluency during the same period, sug-7A and 7B). Strikingly, in mutant HF, we instead observed a dramatic cessation of proliferation and an gesting an enhanced ability of lah/lah cells to spread, explaining why they precociously form monolayers in abrupt transition to differentiation between adjacent cells ( Figures 7A and 7B) . The premature loss of the culture. Since epithelial sheets do not form in low Ca 2ϩ conditions, we compared the response of lah/lah and proliferative signal and sudden switch to differentiation occurs precisely in the region of cell-cell separation WT keratinocytes when both are induced to differentiate in high Ca 2ϩ medium. Upon switching to high Ca 2ϩ condi-( Figures 7C and 7D ) and the onset of the formation of the lance head. tions, the mutant keratinocytes behaved similar to WT cells and no morphological differences were seen for We then assessed the expression of hoxC13 and the hair keratins hHb2 and hHa4, which are specific for hair up to 3 weeks. We assayed the expression levels and assembly status of intermediate filament and adhesion shaft cuticle and cortex differentiation, respectively. While both proteins are expressed in mutant follicles, components in primary cultured keratinocytes, and found no differences in K5, Dsg1, Pg, Pkp1, or actin (not their expression is spatially restricted compared to WT follicles. In WT follicles, both proteins are expressed in shown). incubator. For high Ca 2ϩ conditions, a final concentration of 1.2 mM was used on day 4-5 cultures. For immunostains, the cells were Dsg4 cDNA1F (5Ј-TCTCCTAGTACAGCCTGCTT-3Ј) and Dsg4 cDNA5R (5Ј-AGTGGTCTCTCCAAGTCTTC-3Ј), corresponding to the fixed in ice-cold methanol at Ϫ20ЊC for 10 min. The attachment assay was performed 24 hr after seeding in low Ca 2ϩ medium first five exons of Dsg4. The potential phosphorylation of Y196 was predicted using software available at www.cbs.dtu.dk/services/ (Freshney, 1987) on triplicate plates. Cells were trypsinized with 0.25% trypsin for 4 min at 32ЊC, collected by centrifugation, and NetPhos/.
counted using a hemocytometer.
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